ABSTRACT RNA/RNA duplex formation Involving the 5'untranslated region of a mRNA can efficiently block translation. Here we Investigated the effect on translation of an RNA/RNA duplex between part of the coding region and sequences of the 3 untranslated region of lysozyme mRNA. A cDNA was constructed which contained 2 identical sequences of 150 nudeotides, one of which was an inverted repeat of the other. Cell-free transcription of this cDNA with T7 RNA polymerase resulted in a mRNA with an extended RNA/RNA duplex within the coding region. The presence of the double stranded structure was confirmed by the accessibility of complementary oligonucleotides to this region. mRNA was cleaved by RNaseH, endogenous to the wheat germ lysate, when hybridization of a complementary oligonucleotide occured outside but not within the predicted double stranded structure. When this mRNA was translated in a cell-free wheat germ translation system, the translation product was found to be of the size of full-length prelysozyme and not arrested. We conclude that the extend of a secondary structure within the coding region of a mRNA does not restrict the ability of the ribosome to translate this mRNA efficiently. Our data are consistent with the presence of an activity unwinding RNA/RNA duplexes, which is associated with the translating ribosome.
INTRODUCTION
Hybrid formation of long inverted repeats between the untranslated regions of mRNAs have been shown to efficiently Inhibit translation (1) . We investigated the possibility of arresting mRNA translation by introducing an Inverted repeat within the coding region. The translational arrest of a nascent polypeptide chain at a predetermined site would allow the study of biological functions in which the nascent polypeptide chain is involved. For example, the translocatlon of secreted proteins across the membrane of the endoplasmlc retlculum Involves a complex interaction of soluble and membrane-bound components of the translocation machinery with the ribosome and the nascent polypeptide chain (for reviews see 2-3). Since translocatlon Is rapid and in mammalian cells coupled to translation, the nascent polypeptide is expected to only transiently contact these components. For the identification and analysis of components involved at any particular stage of translation, it would therefore be an advantage to "freeze* single steps by arresting the process of translation at defined sites.
In the wheat germ cell-free translation system, the addition of signal recognition particle (SRP), a soluble component required for the translocation of secreted proteins, can cause elongation arrest (4) . This SRP-induced arrest has been used to study the association of nascent preprolactln with the mlcrosomal membrane (5) (6) . However, the applicability of this approach Is limited as the arrest occurs at a limited number of sites only (7) .
Several approaches have been tested to arrest elongation of translation. Truncated mRNAs can be generated by cleavage of cloned cDNAs at sites within the coding region prior to transcription in vitro (8) . The same effect is achieved when complementary deoxyoligonucleotides or cDNA clones In single stranded vectors are annealed to mRNA followed by digestion with RNaseH (9-11). Cell-free translation of such a truncated mRNA results in a correspondingly shortened polypeptide (8) (9) 11) . However, ribosomes translating these transcripts release the nascent polypeptide chain at the end of the truncated mRNA (9) . Consequently, these techniques are of limited applicability where it is desired to arrest ribosome movement at a particular site without dissociating the nascent polypeptide from the translatlonal complex. An alternative approach would be the introduction of extended secondary structures Into the coding region.
In this report we test whether extended RNA/RNA duplexes would allow translatlonal arrest without dissociation of the translatlonal complex. We describe the efficient translation of mRNA containing a double stranded segment of 150 base pairs within the 3'end of the coding region. We conclude that even extended secondary structure In the coding region of mRNA has little effect on the translatabillty of this mRNA in vitro.
MATERIALS
Restriction enzymes, other DNA modifying enzymes and the capping reagent GGG TGT TGA AGT   TAC TCT CG; ollgo no.2: CAC GCT CGC TGT TAT GTC TG; oigo no3: CGA CCC ACG CGC TCA TGC   CG) were synthesized and purified as described previously (9) .
In vitro transcription
Plasmld DNA (0.3tig) was digested either with EcoRI or Sacl. Recessed ends were made blunt using T4 DNA polymerase following the protocol described by Maniatis et al. (12) , and the reaction was stopped by heating the reaction mixture at 70°C for 10mln. polymerase at 40°C for 60mln. In studies using labelled mRNA, 1jJ of a 32 P ATP (3,000
Cl/mmole; 10u.Cl/uJ) was included In the transcription reaction. The transcription mixture was frozen in liquid nitrogen and stored at -80°C. 2uJ of transcription mixture was used per analysis.
In vitro translation
Transcripts were translated in wheat germ lysate In the presence of L-35 S methionlne as described previously (13) . Translations were carried out at 25°C for 60mln In a total volume of 25uJ. In the translation reactions with labelled mRNA, L-3 5S-methlonine was omitted. In some experiments, oligonucleotldes complementary to the lysozyme mRNA were included In the In vitro translation mixture at an approximately 50-foW molar excess (9) .
Electrophoresis
For the analysis of translation products, cell-free transcription/ translation mixture was dissolved in sample buffer and separated on 22% potyacrylamlde gels containing 6M urea as described previously (9) . 35 S-labelled translation products were visualized by fluorography using EN 3 HANCE following the instructions of the manufactorers. 32 P-labelled transcripts were separated using the same electrophoretJc system, but the gel contained only 10% poryacrylamide. The gels were exposed without prior fluorography.
RESULTS

Plasmld construrtlon
In order to obtain a mRNA with a long Inverted repeat structure, we Isolated a 3'terminal cDNA sequence and llgated it to the wild-type sequence in a tail-to-tail orientation. (fig. 1B) . The transcription products were translated and the respective translation products were analysed by SDS-PAGE followed by fluorography ( fig.2, lanes1-3) . The main translation product of pTlsm mRNA was a protein of the size of prelysozyme wtth the expected MW of 16.8kDa ( fig.2, Iane2) .
Translation of mRNA transcribed from pTlsm, linearized with Sacl, resulted in a truncated polypeptide of MW 11 kDa (flg.2, Iane3). This corresponds In size to a peptlde which would be generated as a result of transiational arrest caused by the secondary structure In IsmL mRNA. A peptide of identical size was produced from mRNA transcribed from pTlsmL, linearized with Sacl prior to transcription (not shown). When mRNA derived from pTlsmL, linearized with EcoRI, was translated, the major translation product was of the size of fulllength prelysozyme ( fig.2, lanei) .
The synthesis of full-length prelysozyme from pTlsmL mRNA was unexpected and showed that an inverted repeat of 150 nucleotides within a mRNA molecule does not arrest translation. There are two obvious explanations for the synthesis of full-length prelysozyme from mRNA IsmL: Labelled transcripts were synthesized from constructs pTlsmL, linearized with EcoRI (lanesi, 4-6) and from pTlsm, linearized either with EcoRI (Ianes2, 7-9) or with Sacl (Iane3) as described In materials and methods. The transcripts were incubated under translation conditions in wheat germ lysate for 60mln either In the absence (lanesi-3) or In the presence (lanes 4-9) of complementary oligonucleotides and analysed on 10% polyacrylamlde gels, containing 6M urea. Lanes 4&7: transcripts after annealing to oligonucleotlde no.1; lanes 5&8: transcripts after annealing to oligonucleotlde no.2; lanes 6&9: transcripts after annealing to oligonucleotlde no.3. The approximate fragment sizes (nt) are indicated on the right-hand side.
(1) Despite the extensive Inverted homology, the expected RNA/RNA duplex is either not formed or is unstable under the assay conditions. (2) The duplex structure Is formed, but it is unwound by the migrating ribosome complex.
We used complementary oligonucleotides as a tool to test the integrity of the predicted stem-loop structure and to distinguish between the two possible explanations.
RNA/RNA duplex prevents hybridization of complementary ollgonudeotides
It has been shown that hybridization of oligonucleotides complementary to mRNA coding sequences leads to shortened polypeptides, if translation is carried out in wheat germ lysate (9) . This is due to truncation of the mRNA by endogenous RNaseH activity in the lysate (10) (11) mRNAs were radloacth/ely labelled in the transcription reaction and translated in wheat germ lysate in the absence ( fig.3, lanes 1-3) or presence ( fig.3, lanes 4-9) fig. 3, lanes 7-9) .
The molar concentration of oligonucleotides and the endogenous RNaseH activity were sufficient to completely cleave Ism mRNA at all three sites and also IsmL mRNA, when an oligonucleotide complementary to a region upstream of the putative stem-loop was used.
Consequently, the failure of oligonucleotides nos.2&3 to efficiently mediate cleavage of IsmL mRNA is consistent with the presence of the double stranded structure, which prevents hybridization of the oligonucleotide and subsequent RNaseH cleavage.
DISCUSSION
In this report we tested whether an artificially introduced RNA/RNA duplex within the coding region of a mRNA would block translation. We constructed a lysozyme cDNA (pTIsmL) which after transcription resulted In a mRNA that contained an inverted repeat sequence of 150 nudeotkJes. These sequences form an RNA/RNA duplex close to the 3'terminus of the coding region. The free energy (AG) of this structure calculated according to Zuker and Stiegler (14) Is -345 kcal x mole-1. The linearized cDNA was transcribed in vitro and the transcript was translated in a wheat germ cell-free lysate. The major translation product was that of the full-length prelysozyme. The presence and tightness of the predicted duplex structure was confirmed using oligonucleotldes complementary to a region within the expected double strand. While wild-type mRNA was efficiently cleaved by endogenous RNaseH after annealing of the ollgonucleotldes, no significant cleavage was observed when the same oligonudeotides were annealed to the mutant mRNA prior to translation. Our results demonstrate clearty that despite the formation of a double stranded structure, the translating ribosomes have the ability to break the RNA/RNA hybrid and to complete translation.
Similarly h has been found that mRNA/cDNA heterodupiexes within the coding region do not arrest translation of the mRNA (15) (16) . Since neither the formation of mRNA/cDNA hybrids nor the Introduction of intramolecular RNA/RNA duplexes arrest elongation, we conclude that approaches others than the introduction of secondary structure have to be sought to obtain site-specific arrest of peptide synthesis.
The process of translation can be divided Into Initiation, elongation and termination.
Base pairing between sequences of the untranslated regions of zeln mRNA from maize can occur efficiently and It inhibits initiation of translation completely (1) . It is well established that secondary structure within the 5' untranslated region of mRNAs Influences the translatability of mRNAs by Interfering with the process of initiation. These observations have been made by using in vitro translation systems (1, 17) and cells transfected with cDNA constructs (17) (18) . It Is the current view that 40S ribosomal subunits when moving along the 5'untranslated region, have only a limited ability to disrupt secondary structure (18) and it has been suggested that the effect of secondary structure on migration of 40S subunits determines the correct initiation of translation at the most 5'positioned AUG codon (19) .
Although the duplex formation in the case of IsmL mRNA is energetically far more favorable, It does not Interfere with the process of elongation.
It has been known for some time that eukaryotic mRNAs have extensive secondary structures (20) (21) and obviously, these mRNAs are translated in vivo. However, translation is a non-uniform event In bacteria (22) (23) (24) and in eukaryotic cells (25) . Two different mechanisms have been proposed to explain translational pauses; firstly, extensive secondary structure could cause a slowing down of the translating ribosome (22) .
Alternatively, the limited availability of certain charged tRNAs required for frequently used codons could result In discontinuous translation (25) (26) . Indeed, we always observed radiolabelled bands shorter than the full length product, although they were of low abundance.
These bands were translation products of the lysozyme mRNA, as no bands were detected when mRNA was omitted from the translation reaction (not shown). However, we did not detect any translational pause at the site of the double stranded structure. Since the pattern of the shortened peptides obtained from translation of Ism mRNA and IsmL mRNA is identical, we conclude that RNA/RNA hybrid structures are not the main cause of discontinous translation, although we cannot exclude that extensively folded mRNAs could have a general inhibitory effect on translation, which is not site specific.
Our data are consistent with the presence of an activity associated with the translating 80S ribosome. which unwinds double stranded mRNA. Recently, the presence of an unwinding activity in the rabbit reticulocyte cell-free translation system, which destabilizes mRNA/cDNA hybrids has been suggested (15) (16) . This mRNA/cDNA hybrid destabilizing activity was only associated with ribosomes engaged in translation since hybrids involving the untranslated regions were not disrupted. In our opinion, the Introduction of intramolecular RNA/RNA hybrids provides a more stringent test for the ability to unwind a duplex structure because formation of such a structure should occur at a higher rate and more efficiently than the formation of a heteroduplex. It remains to be seen whether the activity inferred from our experiments is the same as the one which unwinds mRNA/cDNA duplexes.
In fertilized Xenopus eggs an RNA/RNA unwinding activity is present which unwinds hybrids between mRNA and anti-sense RNA (27) (28) . This activity Is independent of the process of translation and It Is developmentally regulated; high levels of It are found in eggs and during early embryogenesis, whereas in oocytes and in late blastula stages this activity Is diminished. Both of these characteristics distinguish it from the unwinding activity observed in our experiments.
Activities, which specifically destabilize duplex formation within the coding regions of mRNAs have now been described in a mammalian and In a plant cell-free system. This would argue for a universal presence of such an activity In eukaryotlc cells. The association of the destabilizing activity solely with the 80S translating ribosome and not with 40S rlbosomal subunit would explain, why secondary structures within the 5'untranslated region, although energetically less favorable than the secondary structure of IsmL mRNA, have a more profound effect.
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